Understanding the spatio-temporal characteristics of water storage changes is crucial for Ethiopia, a country that is facing a range of challenges in water management caused by anthropogenic impacts as well as climate variability.
isotopes and hydrochemicals (e.g., Berhane et al., 2013) to trace the water avail-36 ability in Ethiopia. For example, Berhane et al. (2013) found the environmental 37 isotopes and hydrochemicals approach to be the most effective tool for differ-38 entiating various forms of geochemical reaction, and to infer the environmental 39 factors affecting groundwater quality and its flow in the region.
Nile River using wavelets and applies GRACE products to analyse moisture 71 flux.
72
One of the major challenges in applying the GRACE products to estimate GRACE data using the approaches presented in (Wahr et al., 1998) .
82
This contribution focuses on the remotely-sensed TWS changes over Ethiopia 83 using GRACE products. For the purpose of evaluating GRACE products, the 84 study also uses rainfall and soil moisture data based on products from the Trop- groundwater can be sustainably exploited after rainy seasons.
98
The remainder of this study is organized as follows; in section 2, the study 99 area and its characteristics are discussed. Section 3 presents the data used 100 and the employed analysis methods. The results are presented and discussed 101 in sections 4 and 5, respectively, and finally, section 6 summarizes the major north-east to south-west, separating the eastern and western highlands (Fig. 1 ).
114
It is because of these physiographic influences on the drainage systems that
115
Ethiopia is counted as the water tower of East Africa, with twelve major basins; 116 eight of which are river basins, one is a lake basin, and the remaining three are 117 dry basins with no or insignificant out flow (FAO, 2005) .
118
Ethiopia contributes to three major drainage systems (Fig 1) an a priori synthetic model of the observation geometry (e.g., Kusche, 2007 are climatically and environmentally extremely heterogeneous (see Section 2).
239
In this respect, computing the TWS over Ethiopia as a whole might lead to was found to be applicable to nearly all river basins.
276
(i) Deriving Changes in Groundwater from GRACE and GLDAS :
277
The most important variables to use when deriving groundwater storage changes I n d i a n O c e a n moisture from TWS changes as:
assuming that the surface water and snow are insignificant. This approach has 
294
In association with the GRACE-derived TWS estimates over the study re- approach, all the available data are first listed in descending order and given 308 a rank (the maximum will take the value 1 and the minimum will take the 309 last rank). Using the ranks m, the probability of exceedence (in percentage) is 310 computed using the Weibul method (Helsel & Hirsch, 2002 , p. 23):
where m is rank and N is the sample size. TDC is obtained by plotting the
312
TWS against its probability of exceedence. The slope S T DC of the TDC is then 313 calculated between the 33rd and 66th TWS percentiles using 
where T DS j is the total storage deficit (%); T W S j is the monthly total storage position of the data-derived auto-covariance matrix (Preisendorfer, 1988 TWS is greatest in the western highlands area (see Fig. 1 ), i.e., western (region The second mode (EOF2 and PC2) of the TWS (Fig 4) is equivalent to 14.9%
380
of the total variance and shows that the regions 2, 3, 6, 7, 8 and 9 are dominant.
381
The dominant inter-annual soil moisture variations are found in regions 1, 2, 5-382 8, and 10 (EOF2 and PC2 of soil-moisture in Fig. 4, middle) . Finally, the same 383 regions, i.e., 1, 2, 5-8, and 10 are also found to exhibit the most inter-annual 384 precipitation (EOF2 and PC2 of rainfall in Fig. 4, right) , again confirming 385 our findings in Fig. 3a . We should mention that the accuracy of the annual 386 and semi-annual GRACE-TWS estimations are around 1 cm (in amplitude) 387 for the selected 4
• ×4
• regions. This has also been tested by considering the 388 sampling errors originating from length-limited data sets (Preisendorfer, 1988, 389 p. 199), as well as the coefficients errors, provided by the data producer, the in summer (Fig. 5, top) . The other three regions (region 6, 9, and 10) have Tseday (September-November), see Section 2.
406
The annual mean indicates that mass has been gained in the northern (region that mass has been lost (Fig. 5, bottom) in Fig. 6 . From the probability of exceedence at the no loss/no gain point (i.e.,
425
point at which the TWS anomaly equals zero), it can be seen that almost all 426 regions gained water mass only 45% of the time, and lost it 55% of the time.
427
The TDC curves in Fig. 6 also allow us to reflect upon the probability of change 428 in amount of TWS. For, example, the maximum water mass gain, which has a 429 probability of occurrence of less than 1% over the study period, ranges from 12 430 cm/month in region 10 to 21 cm/month in region 2, while the maximum water (regions 3, 4 and 5) and iii) 10% < S T DC < 20% (regions 1, 6, 7, 8, 9 and 10). Fig. 7 . The year to year changes in TWS (Fig. 7(a) ) shows that except 446 for a few months, e.g., June (regions 1, 4 and 9), July (regions, 7 and 8) and 
453
Additionally, there is a low variability in June-September for regions 6, 7 and 454 10, i.e., south east and east. The GW plots (Fig. 7(d) Examining now the soil moisture in greater detail (Fig. 9) , one can visually 2), which has the highest soil moisture content of all the studied regions, (ii) the 483 north-eastern (i.e., region 9), which has the lowest soil moisture content, and 
Correlation between Different Data Sets

516
A correlation analysis between available data sets was made using the mean 517 monthly data and is presented in Fig. 10 to study the time lag between rainfall relationship between rainfall and TWS is presented in Fig. 11 . This is developed 534 by accounting for the lag duration of TWS from rainfall. For example, in region 535 1, a lag of 6 months is used to assess how much of the rainfall observed in 536 January contributed to the TWS in July. In all regions, except 2, 4 and 5, 537 coefficients of determinant R 2 of less than 0.5 were obtained. For these regions,
538
where high values of R 2 are obtained, i.e., the western (region 2), northern 539 Abiye (2010); Chernet (1993)). The Table also includes the slope m of the TDC derived from GRACE-TWS for each region and the lag between GRACE-TWS and TRMM-rainfall.
Region Recharge Mechanisms
Recharge GRACE-mean regions. In addition, from the lag correlation presented in Fig. 10 , one can see 549 the influence of the regime's hydrogeology on its response to rainfall. For in-550 stance, the karst dominated regions (i.e., 10 in Table 2 ) has zero lag while the 551 unconsolidated sediment dominated region 1 has a lag of around 6 months. Zone 1 in Fig. 12 ), the main crops are teff, sorghum, maize, wheat and millet. an open question for future investigations.
610
In regions 1, 2, 3, and 9, over the study period, very significant water loss Table 2 . This might be attributed in part to 613 human exploitation and partly due to climate impacts discussed below.
614
From the developed TDC using 96 months of GRACE derived TWS data 615 (Fig. 6) the main driving factor for the rise in TWS levels in most parts of Ethiopia.
644
Although climatic factors such as drought could be a contributor towards the 645 fall in TWS levels, as pointed out earlier, human influences may also contribute.
646
The dominant hydrogeologic regimes, recharge mechanisms, recharge rates, e.g., regions 2 and 3 in Table 2 , which could be attributed to the nature of the to rainfall (region 10).
657
In the north-west (region 3) a lag of 2 months is noted (Table 2 ). This (Table 2) .
664
Figure 11 also shows that there is a high correlation between rainfall and TWS 665 in regions 2 and 5, indicating that the influence of rainfall on TWS in these 666 regions is higher than subsurface inflow from adjacent regions. TWS in region 667 9 recorded a lag of 4 months from the rainfall (Table 2) , although this region 668 has low rainfall and also displays a poor correlation between rainfall and TWS 669 anomaly (Fig. 11) .
670
The mean annual rainfall for regions 1 and 6 have two small peaks, with 671 a lag of 6 months obtained from the TWS/Rainfall cross correlation, implying 672 that the autumn water gain is mainly from the rainfall received in winter. With 673 the characteristics described in Table 2 
